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Strong coupling between the electronic states of monolayer transition metal dichalcogenides (TMDC) such as
MoS2, MoSe2, WS2, or WSe2, and a two-dimensional (2D) photonic cavity gives rise to several exotic effects.
The Dirac type Hamiltonian for a 2D gapped semiconductor with large spin-orbit coupling facilitates pure
Jaynes-Cummings type coupling in the presence of a single mode electric field. The presence of an additional
circularly polarized beam of light gives rise to valley and spin dependent cavity-QED properties. The cavity
causes the TMDC monolayer to act as an on-chip coherent light source and a spontaneous spin-oscillator. In
addition, a TMDC monolayer in a cavity is a sensitive magnetic field sensor for an in-plane magnetic field.
PACS numbers: 31.30.J-,78.67.-n,85.60.Bt,85.75.Ss
Light and matter can become strongly coupled in an optical
cavity giving rise to qualitatively new physics and resulting in
numerous applications in laser physics, optoelectronics, and
quantum information processing. The coherent coupling of
light and matter in such systems is described by cavity quan-
tum electrodynamics (QED). The advent of quantum infor-
mation processing has led to significant activity investigating
optical cavity like systems for coherent conversion of qubits
between matter or topological states to phonons, photons and
circuit oscillators [1–9].
Monolayers and bilayers of transition metal dicalcogenides
(TMDCs) couple strongly to light since they are direct
bandgap and their large effective masses result in a large den-
sity of states and excitonic binding energies [10–12] . Further-
more, TMDCs have large spin-orbit (SO) coupling resulting
in spin-valley polarized valence bands [13, 14]. The magnetic
moment associated with their valley pseudo-spin gives rise to
valley-dependent circular dichroism [11, 12]. Access to these
valley and spin degrees of freedom can allow for hybrid on-
chip optoelectronic and spintronic devices. Since the spin de-
grees of freedom for a band are coupled to a particular val-
ley in momentum space, TMDCs might also be candidates for
qubits with long coherence times, and there have been sugges-
tions for implementing single qubit gates in TMDC quantum
dots [15] and bilayers [16].
Recent experiments have demonstrated strong coupling ef-
fects between 2D materials and photonic cavities. Graphene
(Gr) can couple to a photonic crystal’s evanescent modes [17].
It has also been suggested that quantum two level systems
(TLSs) can be coupled to surface plasmon modes in graphene
[18]. A Gr/TMDC/Gr heterostructure can be used for photo-
voltaics [19], and an excitonic laser can be created by placing
monolayer MoS2 in a cavity [20].
In this paper, we show that new properties and device func-
tionalities arise when strong light-matter interaction can be
achieved for a gapped 2D Dirac material with strong SO split-
ting in a 2D optical cavity. 2D cavities are now quite common
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FIG. 1. Schematic of a monolayer TMDC in a 2D photonic cavity
(a) with an incident beam of circularly polarized light(CPL) to break
the valley degeneracy and (b) with an in-plane magnetic field for
magnetometry. (c) Sample bandstructure about K and K′ showing
the breaking of the conduction band degeneracy from the effective
inplane magnetic field. Colors indicate the band’s spin.
in circuit-QED [8]. Usually in cavity-QED, the TLS-field cou-
pling occurs via a dipole term or through some nonlinear in-
teractions. Here, the linear k-dependent 2D Dirac type Hamil-
tonian, after a canonical transformation, directly gives Rabi-
or Jaynes-Cummings type coupling between the cavity field
and the lattice pseudo-spin. In TMDCs, since the valley and
spin indices are coupled, each valley can be selected using cir-
cularly polarized light (CPL) of a given handedness [21]. In a
suitable optical cavity this could lead to spontaneous spin os-
cillations for spintronics. However, CPL flips its handedness
upon reflection from a conventional surface – hence it is not
easy to design a cavity that will only sustain ether just left- or
right-CPL. Some reflective chiral surfaces can suppress this
cross polarization [22, 23]. The evanescent mode of a chiral
photonic crystal [24] could also be used, but then the TLS-
cavity coupling will not be strong.
We suggest a simpler approach and point out an additional
advantage of the 2D architecture. In the strongly coupled sys-
tem of a 2D TMDC monolayer inside a 2D cavity, sponta-
neous vacuum Rabi oscillations occur even in the absence of
photons. However, a 2D cavity only supports linearly polar-
ized electromagnetic vibrational modes. Hence the oscilla-
tions occur for both valleys with opposite spin. We propose
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2introducing an additional CPL beam that is incident on the
2D cavity-QED system. Sufficiently intense CPL will select
a valley. Since intravalley transitions conserve spin, this leads
to pure spin Rabi flopping. In the absence of cavity photons,
the spin Rabi oscillations are spontaneous in the strong cou-
pling regime. The vacuum Rabi oscillations for the the spin
polarization (SP) of a given valley are amplitude modulated.
The overall degree of valley polarization depends on the CPL’s
intensity which blue-shifts the Rabi frequency. At higher pho-
ton numbers, for a field in a coherent state, the expected col-
lapse and revival type behavior for the Rabi oscillations can
be seen. In the absence of a cavity mode that supports CPL,
say in a strictly 2D geometry, this device can be used as an
on-chip coherent light source and a frequency comb at higher
photon number.
This cavity-pseudospin system also has other applications.
The system is a highly sensitive sensor of an in-plane mag-
netic field. An in-plane magnetic field shifts the vacuum Rabi
frequency. An extremely encouraging finding is that this fre-
quency shift is scale invariant. Whereas one usually seeks
strong cavity-TLS coupling, here the scale invariance suggests
high sensitivity even for weak coupling.
TheModel: Consider the Hamiltonian for a monolayer TMDC
in an in-plane magnetic field along y.
H ′o = Ho +Hb (1)
Ho is the following effective 4×4 two-band k ·p Hamiltonian
for a given valley,
Ho = u(τ σ˜xkx + σ˜yky) +
Eg
2
σ˜z +
∆so
2
τsz(σ˜z − I) (2)
where Eg is the band gap, ∆so is the SO splitting and u
is the velocity. Here Hb = gµBBysy where g is the g-
factor and µB is the Bhor-magneton. We use g = −4
[25]. The Pauli spin matrices along j are sj , and σ˜j are the
pseudo-spin Pauli matrices in the orbital basis, {ψc, ψτv} =
{|dz2〉 ,
∣∣dx2+y2 + iτdxy〉}. It is implied that σ˜j = I ⊗ σj
and sj = σj ⊗ I .
First consider the case of a monolayer-TMDC in a cav-
ity with By = 0. For a reflective cavity, with the single-
mode of an electric field oscillating along xˆ, one can canon-
ically transform kx → kx + Ax, where Ax is the vector po-
tential along x. The TDMC’s coupling Hamiltonian will be
Material Λ− (GHz) Λ+ (GHz)
MoS2 6.411 5.898
WS2 14.021 10.366
MoSe2 6.128 5.442
WSe2 8.29 6.295
TABLE I. Coupling strength or the vacuum Rabi frequency for vari-
ous TMDCs at zone center. Here Λ± corresponds to ω± = Eg±∆so
transition frequencies. The 2D cavity mode volume(V ) is assumed
to be 20µm× 20µm× 100nm. Note that Λ± ∝ V −1/2.
Hi = uτσxAx(t) = Λτσx(a
∗eiωt + ae−iωt) where Λ is the
coupling constant between the cavity’s electric field and the
TMDC bands. Second quantizing the cavity field and making
the rotating wave approximation, Λσx(a† + a) ≈ Λ(a†σ− +
aσ+), where a†(a) are the photon creation(annihilation) oper-
ators, we obtain a block diagonal Hamiltonian in the dressed
orbital state basis. Hence the total system Hamiltonian is
H = Ho +
ω
2
a†a+ Λτ(a†σ− + aσ+). (3)
The complete basis set now consists of the spinor part and the
dressed orbital states, {[|+〉 , |−〉] ⊗ [|ψc, n〉 , |ψτv , n+ 1〉]}.
Note that cavity part and the spin part(|+〉 , |−〉) are decoupled
in the absence of an external in-plane magnetic field.
We estimate the field coupling constant Λ assuming a
simple 2D rectangular cavity. The coupling constant for
four different TMDCs on resonance are calculated as Λ ∝
u sin(κy)[oV (Eg±∆so)]− 12 , where κ is the electromagnetic
wavevector and V is the mode volume. If V is small, then the
coupling will be strong. For the mode volume we assume a
nearly-2D rectangular cavity. Hence one can anticipate that
strong coupling can be achieved between a 2D TMDC and
the cavity. The Λs for the two different transitions just for a
monolayer TMDC are shown in table.-I.
The direct product of the photon state and the valance band
wavefunction at initial time t = 0 is Ψτ,v±,k =
∑
Cn|ψτv ;±;n〉.
where |Cn|2 is the probability distribution number of n pho-
tons. The wavefunction at time t is obtained by time evolving
with U = exp(−iHt).
Since the two valleys do not couple with each other one can
only consider intravalley optical effects in the present model.
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FIG. 2. Population inversion for the τ = ± valleys showing (a)
vacuum Rabi oscillations for 〈n〉 = 0 and (c) collapse and revival of
Rabi oscillations for 〈n〉 = 10 for a field initially in a coherent state.
The corresponding power spectra, W ′(ω) = ∫ |W(t)|2eiωtdt, is
shown in (b) and (d). Here the drive is ω = Eg − ∆so, and the
circularly polarized light has 〈E〉 = Λ.
3For a given valley, in the absence of an external magnetic field,
the valance to conduction band(CB) population inversion in
the cavity is
Wτ±(k) =
∑
n
|Cn|2
(
ϑ± cos(
ντ±t
2
) + ϕ± sin(
ντ±t
2
)
)
, (4)
where
ϑ± =
1 + (E±2 − L2±)
[(1 + (E± + L±)2)(1 + (E± − L±)2)]1/2
ϕ± =
w±(E± + L±) + w∗±(E± − L±) + f±(E±2 − L2± − 1)
[(1 + (E± + L±)2)(1 + (E± − L±)2)]1/2
E± = (Eg ± τ∆so)/2(τk′x + ik′y)
L± =
√
(Eg ± τ∆so)2 + 4(k′2x + k′2y )/2(τk′x + ik′y).
Here Λn = Λ
√
1 + n, k′x(y) = ukx(y), Ω
τ
± = Eg±τ∆so−ω,
ντ± =
√
(Ωτ±)2 + (τk′x + τΛn)2 + k′2y , f± = Ω
τ
±/ν
τ
± and
w± = (τΛn + τk′x − ik′y)/ντ±. The ± signs represent differ-
ent spin states. Since these transitions are also k dependent,
the overall inversion probability is obtained after integrating
over k,Wτ± =
∫
Wτ±(k)dk.
Valley Selectable Photonic Spin Oscillator: In the absence
of By , in a monolayer TMDC, only interband transitions be-
tween bands of the same spin are allowed. We assume that
the single cavity mode is initially in a coherent state, |Cn|2 =
exp(−〈n〉) 〈n〉nn! where 〈n〉 is the average photon number.
For a drive resonant with the gap, ω = Eg −∆so, the vac-
uum Rabi oscillations are shown in Fig. 2(a) along with the
corresponding Fourier spectra in Fig. 2(b). For 〈n〉 = 0 there
is spontaneous emission and Rabi flipping for the TLS. For
the opposite spin states (with gap Eg + ∆so), the maximum
Rabi oscillation amplitude ∼ 0 since ω is off-resonance with
this transition.
The valley dependent Rabi oscillations are shown in Fig.
2. These are pure spin oscillations from the cavity coupling.
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FIG. 3. (a) Valley polarization inside a cavity as a function of CPL
intensity and for different photon numbers. (b) Peak Rabi frequency
shift as a function of CPL intensity. The cavity’s resonance frequency
is ω = Eg −∆so.
A bias for a particular valley (hence spin) is created by using
CPL of a given handedness. We use an additional canonical
transformation for introducing CPL, k′x → k′x + 〈Ex〉 and
k′y → k′y ± i 〈Ey〉 where, 〈Ex〉 = 〈Ey〉 = 〈E〉 and 〈E〉 is
the time averaged field. Right-CPL favors the τ = 1 valley as
shown in Fig. 2 since it biases the Hamiltonian by adding a
〈Ex〉 τ σ˜x + i 〈Ey〉 σ˜y term.
When 〈n〉 > 0, the Rabi oscillations undergo collapse and
revival (CR) which are more rapid, more distinct, and tempo-
rally spaced further apart with increasing 〈n〉. Each term in
the summation over n represents Rabi flips weighted by Cn,
which are all correlated at t = 0. However, at longer times
the destructive interference between the weighted terms leads
to the collapses and then constructive interference leads to re-
vivals. Fig. 2(c) shows that this purely quantum mechanical
CR feature can be individually observed for each valley. This
CR happens even in the presence of CPL, but the amplitude
of the CRs are inequivalent for each valley, and they continue
indefinitely with each revival being smaller in amplitude and
less distinct from the preceding collapse. The Fourier spectra
shows a frequency comb type behavior, where the number of
spectral peaks is ∝ 〈n〉. In the present treatment CPL blue-
shifts the central Rabi frequency peak, which is discussed in
greater detail next.
The valley(spin) polarization in this system can be charac-
terized as follows,
P = |W
τ=1
+ |2max − |Wτ=−1− |2max
|Wτ=1+ |2max + |Wτ=−1− |2max
. (5)
The degree of valley polarization depends on the CPL’s inten-
sity 〈E〉 as shown in Fig. 3(a). As 〈E〉 is increased P tends
towards 1, but it also tends to saturate. For a given 〈E〉, P is
higher for smaller 〈n〉. This is because the cavity photons are
also vibrating along x which will tend to make the incident
light more elliptically polarized as 〈n〉 is increased. Increas-
ing 〈E〉 also shifts the central Rabi frequency peak towards
higher frequencies as shown in Fig. 3(b), since CPL increases
the effective Λ (see ντ±). The slope dP/d 〈E〉 is roughly the
same for all 〈n〉 as expected.
A spin-Zeeman field along z does not affect any of these
results, since it simply adds a phase factor. For fields up to 1 T
the valley Zeeman effect [26] also does not do much although
it polarizes the valleys. The addition of an inplane magnetic
field By however leads to level detuning and leakages – but
again it does not affect the overall P for this system for fields
up to 1 T. However the inclusion of By in this 2D cavity-QED
system reveals a key technological application.
Application as a Magnetometer: A monolayer TMDC in an
optical cavity can be used for sensitive magnetic field sensing
applications. For a 2D material,By only affects the spin states
and does not lead to the formation of Landau levels. However,
now the two orbital TLSs are not deoupled anymore and the
dynamics of this system is significantly altered in the pres-
ence of By . We numerically calculate the population transfer
probabilities in the 4× 4 the dressed state basis.
The magnetic field modifies the zone center energies to
Eg/2 ± By and −Eg/2 ∓
√
B2y + ∆
2
so, which leads to level
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FIG. 4. (a) Normalized peak Rabi frequency as a function of the
normalized magnetic field for different photon numbers. (b) Corre-
sponding peak oscillation amplitude for the population transfer be-
tween valance- and conduction band states with the same spin for the
τ = 1 valley. The drive ω = Eg−∆so, Λ′ = ~Λ andB′y = gµBBy .
detuning. This leads to an increase in the Rabi oscillation
frequency and a decrease in the oscillation amplitude. The
peak Rabi-flop frequencies normalized to Λ are shown as a
function of By/Λ for different photon numbers for the drive
ω = Eg −∆so in Fig. 4.
At low By , ωpeak does not change much. And at higher
By , ωpeak saturates. However the results in the intermediate
regime are extremely encouraging. First, the linear scaling of
ωpeak with By , and the invariance of this linear scaling and
its slope with By/Λ implies that this device can be used as a
very sensitive magneto-meter.
This is a key result. For most cavity-QED applications such
as lasing, very strong coupling is desired. Here because of the
invariance as a function of By/Λ one could get to very small
magnetic field sensing limits. This is only possible because
of the unique combination of a gapped material with large SO
interactions in a 2D geometry – all of which are necessary.
The direct gap makes the system optically active and the 2D
geometry allows By to couple to spin without introducing un-
wanted Landau levels which then subsequently couples the
CB orbitals.
In theory these effects can be reproduced if one just added a
Byσy term to the Jaynes-Cummings Hamiltonian. But physi-
cally one cannot have an electric dipole coupling and a mag-
netic field coupling in the same matrix element for an orbital
two-level-system. We also argue that this would be robust
even with cavity imperfections and spin-dephasing and relax-
ation as one is not concerned with the decay of the signal, but
just with the main peak Fourier component. Experimentally
this would amount to spectrally decomposing the time depen-
dent photo-luminescence signal.
Unusual Conduction Band Transitions: In the presence of
By , either direct or indirect transitions between all four states
in a valley are allowed. However some rather peculiar features
stand out for the CB ψc,− ↔ ψc,+ transitions. The Rabi flops
for these transitions are shown in Fig. 5. These results were
obtained exactly by numerically projecting U = exp(−iHt)
between the dressed CB eigenstates of H ′o. At very small but
finite By , the vacuum Rabi flops reach 1. As the magnetic
field strength increases, the amplitude decreases, but the Rabi
frequency does not shift. But again if By = 0, this Rabi flip-
ping would vanish.
In general [H0, Hb] 6= 0, however to gain a more intuition
one can approximate U ≈ e−iHte−iHbt, which is valid for
small By . Then the CB population inversion is〈
Ψc−
∣∣U ∣∣Ψc+〉 ∼ cos(Byt)(W ′+ −W ′−)
+ i sin(Byt)(C+W ′+ − C−W ′−) (6)
where C± = (
√
B2y + ∆
2
so ± τ∆so)/By and W ′± =∑ |Cn|2 (cos(ν±t2 ) + Ω±ν± sin(ν±t2 )). Eq. 6 approaches 1 in
the limit of a vanishing By . The peculiar Rabi flopping in
Fig. 5 can be explained as follows. In the absence of a mag-
netic field, the CB c± states are degenerate but are completely
decoupled from each other in the present k · p model. An in-
finitesimally small By lifts this degeneracy and couples the
two CB states allowing Ψc− ↔ Ψc+ transitions. However now
since the two levels are still nearly degenerate for a small By ,
there is an almost perfect overlap of the wavefunctions. As a
result the Rabi flops reach 1 for infinitesimally small Bys.
Eq. 6 reproduces this behavior in the limit of small By . As
the magnetic field strength increases, the amplitude decreases,
but the Rabi frequency does not shift. For 〈n〉 = 10, the CR
type behavior is seen for these states also.
It should be noted that in actual TMDC monolayers, the
CB states are also non-degenerate and spin-split, although
the spin splitting is much less than that of the valence band
[15, 27, 28]. While this CB splitting does not affect the other
results, the CB population transfer amplitudes would less than
what is shown in Fig. 5. Overall, this is an important effect
to take into account when considering quantum information
processing applications.
In summary we show that the strong coupling between
the lattice pseudo-spin of an inversion asymmetric monolayer
TMDC and a photonic cavity leads to a number of physi-
cal effects. This system can act as an on-chip coherent light
source. The Dirac type Hamiltonian for a 2D gapped semi-
conductor with a large SO interaction facilitates pure Jaynes-
Cummings coupling in the presence of a single mode elec-
tric field. This gives rise to valley and spin dependent optical
properties which can be controlled in a 2D architecture by us-
ing an additional CPL field. With CPL, the strong coupling
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FIG. 5. Population transfer between the conduction band states with
opposite spin ψc,− ↔ ψc,+ shown for two different photon numbers
and magnetic fields. The drive is at ω = Eg −∆so.
5effect leads to a spontaneous spin-oscillator with zero cavity
photons! For a higher photon number coherent state field, val-
ley selective collapse and revival of Rabi oscillations occur.
The presence of an external in-plane magnetic field leads to
a number of additional effects. This TMDC cavity-QED de-
vice can be used for sensitive magnetic field sensing applica-
tions, which is only possible here because of the combination
of a gapped 2D material with large SO interactions in a cav-
ity. A consequence of an inplane magnetic field is that Rabi
oscillations between opposite CB spin states become feasi-
ble in a monolayer-TMDC. These oscillations are robust for
small magnetic field fluctuations which could also be useful
for quantum information applications.
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